Different types of Mg/ p-Si diodes were prepared by thermal evaporation of thin Mg layers on H-passivated Si͑111͒ surfaces at low temperatures followed by various annealing procedures. After deposition at 190 K, the current-voltage characteristics of the diodes are typical for interfaces with lateral inhomogeneity and high ideality factors. The homogeneous barrier height is measured as 0.8 eV. This value is much larger than expected from the metal-induced gap states and electronegativity concept. The deviation is explained by interface dipoles due to a monatomic hydrogen layer between Mg and Si. Hydrogen is removed by annealing the diodes to room temperature. This procedure leads to the formation of an intermediate Mg silicide layer and reduces the homogeneous barrier height to 0.69 eV. The annealed diodes show excellent current-voltage properties. Applications of the diodes for chemical sensing such as chemicurrents and for internal photoemission are discussed.
I. INTRODUCTION
Schottky diodes with thin metal films in the nanometer range have been successfully used to detect hot charge carriers excited in the metal film. The excitation may occur by irradiation ͑internal photoemission͒, 1 by charge carrier injection ͑ballistic electron emission microscopy͒, 2 or by nonadiabatic dissipation of chemical reaction energy ͑chemicurrents͒. 3, 4 The Schottky barrier acts as a high-pass energy filter and may be used to probe the energy distribution of the excited hot electrons or holes. To perform internal spectroscopy the dominating barrier height at the interface, i.e., the homogeneous barrier height, has to be tuned or controlled. Well-defined intermediate layers at the interface, e.g., molecular dipoles 5 or thin insulating layers, 6 provide a way to reach this aim.
Recently, chemicurrent measurements with Mg/ p-Si͑111͒ diodes during oxidation of Mg have revealed that the current strength decreases with increasing homogeneous Schottky barrier height. 7 The data allow an estimate of the energy distribution of the chemically excited hot holes. However, it remained unclear why the different preparations of the Mg/ Si diodes resulted in different homogeneous barrier heights. This question shall be addressed in the present study. It will explain that the evaporation of Mg on H terminated Si͑111͒ surfaces at low temperatures leaves the interfacial Si-H dipole layer unchanged. As a consequence, the Schottky barrier height changes significantly. Annealing the diodes to room temperature removes the hydrogen atoms and forms Mg silicide layers at the interface which reduces the Schottky barrier height on p-type Si.
II. EXPERIMENT
Thin metal film Mg/ Si Schottky diodes were fabricated on 11ϫ 12 mm 2 p-type Si͑111͒ wafer pieces ͑ =1-10 ⍀ cm͒ with Ohmic back contacts. The Si surfaces were cleaned and hydrogen terminated in a multistep wetchemical process using buffered hydrofluoric acid. The process was described in detail elsewhere. 8 The chemically passivated samples were transferred rapidly into the ultrahigh vacuum chamber. Prior to evaporation, the Si wafers could be annealed for 15 min at 500 K. This annealing step does not affect the hydrogen termination since hydrogen desorption occurs at temperatures well above 800 K. 9, 10 However, it reduces the leakage current of the diodes. Mg layers were thermally evaporated onto the H:Si surfaces at substrate temperatures of approximately 190 K. The thickness of the Mg films was monitored with a quartz microbalance and ranged between 5 and 60 nm. The diode area was approximately 0.4 cm 2 . After the metal film was contacted by softly approaching a front contact tip, currentvoltage ͑I / V͒ curves were recorded at low temperatures between 180 and 190 K. The I / V measurements were performed twice: ͑1͒ immediately after evaporation and ͑2͒ after annealing the diode to room temperature ͑RT͒ and recooling. From various studies it is known that lowtemperature ͑LT͒ deposition of metals and subsequent annealing to RT can result in extremely flat and continuous thin metal films on semiconductor surfaces. 8, [11] [12] [13] In the present case of Mg/H:Si͑111͒ diodes, Auger electron spectroscopy ͑AES͒ was used to prove that deposition at LT leads to more continuous metal films than deposition at RT. Figure 1 shows the AES spectra recorded at RT from Mg/H:Si͑111͒ diodes with film thicknesses d of 3 and 9 nm deposited at 190 K ͑solid symbols͒ and of 6 nm deposited at RT ͑open symbols͒. The prominent spectral features are attributed to KLL Auger lines of Mg at 43 eV and of Si at 91 eV. The signal of the Si substrate is clearly detected even after RT deposition of 6 nm Mg. In contrast, the Si signal, still visible with 3 nm Mg, vanishes for a layer thickness of 9 nm and above. a͒ Electronic mail: hermann.nienhaus@uni-due.de For internal photoemission, the diodes were exposed to a modulated light beam of 0.8 eV photons emitted by an infrared laser diode. The internal current was detected using lock-in techniques. Likewise, chemicurrents were measured when the Mg/ Si diodes were exposed to a modulated beam of thermal O 2 molecules. Details of the chemicurrent studies may be found elsewhere. 7, 14 III. RESULTS
A. Current/voltage characteristics
Annealing the Mg/ H : p-Si͑111͒ diodes to RT significantly changes the interface properties as demonstrated in the semilogarithmic plot of Fig. 2 . The presented I / V curves were recorded at 185 K from a diode immediately after evaporation ͑as deposited, open symbols͒ and from a diode annealed to RT ͑solid symbols͒.
The as-deposited Mg/H:Si diodes exhibit a large reverse current and a prominent kink in the forward direction, whereas a perfect exponential dependence between forward current and bias voltage is found in the case of the annealed diode. The reverse current of the annealed diode is below the detection limit of 10 −10 A. The solid lines through the data points were calculated using thermionic emission theory which is valid for Si Schottky diodes with moderate dopant concentrations. 15 The theoretical I / V curve in forward direction may be expressed as a function of temperature by an implicit Richardson equation,
which includes the three diode parameters, i.e., the effective Schottky barrier height ⌽ eff , the ideality factor n, and the serial resistance R s . 15 The prefactor contains the diode area F and the effective Richardson constant A * . The serial resistance leads to the deviation from the exponential dependence between I and V for large forward bias voltages, as seen in Fig. 2 . The ideality factor is related to the lateral homogeneity of the metal-semiconductor interface. If the Schottky barrier height is independent of the position at the interface an ideality factor of n = 1.01 is expected. The value is slightly larger than unity and takes into account the image charge lowering of the barrier height. Lateral variations of the barrier height due to the so-called low-barrier patches at the interface yield ideality factors well above unity. 15 Using Eq. ͑1͒, the solid lines in Fig. 2 correspond to an effective barrier height of ⌽ eff = 0.78 eV and to an ideality factor of n = 1.12 for the as-deposited Mg/H:Si diode at T = 185 K. For the annealed diode the respective values are ⌽ eff = 0.71 eV and n = 1.02, indicating that annealing in- creases the homogeneity of the interface, reduces the reverse current, and removes the kink in the I / V curve which is due to a leakage parallel to the diode.
B. Barrier height of the homogeneous interface
The current/voltage characteristic is very sensitive to lowbarrier patches even if their area density is small. As a consequence, the Schottky barrier height ⌽ hom predominating at the interface, often called the homogeneous barrier height, cannot be extracted from the I / V curve of an individual diode as long as n ӷ 1. However, it was demonstrated earlier that the effective Schottky barrier heights of equally prepared but inhomogeneous diodes depend linearly on the ideality factor. 15, 16 Hence, the barrier height ⌽ hom may be determined from an ensemble of inhomogeneous diodes of the same class by taking the individual ⌽ eff ͑n͒ data and extrapolating linearly to the value n = 1.01. This method provides reliable barrier values for the homogeneous interface even if no homogeneous diode can be prepared.
In 
C. Internal photoemission and chemicurrents
Internal photoemission ͑IPE͒ excites electron-hole pairs in the metal film and close to the interface. The hot charge carriers cannot travel very far in the film and probe the barrier height at the excitation site. Therefore, IPE is sensitive to the predominating Schottky barrier height at the metalsemiconductor interface and may be used to probe ⌽ hom . The diodes are irradiated with light of photon energies below the total band gap energy but above the barrier height. Since the maximum energy of an optically excited charge carrier relative to the Fermi level is equal to the photon energy, an IPE current is detected as soon as the photon energy exceeds the homogeneous barrier height. Figure 4 shows the IPE current as a function of the Mg film thickness d measured with Mg/H:Si diodes which were exposed to 0.8 eV photons. The current in the annealed devices is almost two orders of magnitude larger than in the as-deposited diodes. For the as-deposited contacts, the homogeneous barrier height is equal to the photon energy within the error margins. Hence, the IPE current almost vanishes and exhibits a large data scatter. On the other hand, the homogeneous barrier height of the annealed diodes is 0.1 eV smaller than the photon energy and, hence, the IPE current is much stronger although the effective barrier heights of many as-deposited and annealed diodes from the I/V analysis do not differ much.
As demonstrated in Fig. 4 , the ratio of the IR sensitivities of the two diode classes is independent of the metal film thickness. If the attenuation of the IPE current is approximated by an exponential function, ϳexp͑−d / ͒, almost equal attenuation constants of 49 and 44 nm are found for the annealed and as-deposited diodes, respectively. The attenuation is determined by various, mostly unknown parameters such as the photon penetration depth into Mg ͑ϳ10 nm͒, 17 the energy dependent mean free path of excited holes in Mg ͑ϳ7-20 nm͒, 14 the Mg film structure, and island formation, as well as the thickness dependent reflectivity of the metal surface and the Mg/ Si interface.
Likewise, chemicurrent experiments reveal that the diodes with larger homogeneous Schottky barrier heights are less sensitive to detect hot charge carriers excited by chemical reactions on the metal surface. The concept of chemicurrents implies that an exothermic reaction at the metal surface excites electron-hole pairs by nonadiabatic energy dissipation. The hot charge carriers created at the surface travel ballistically to the interface and may surmount the Schottky barrier if their kinetic energy is larger than ⌽ hom . The oxidation of Mg by O 2 molecules is a nonadiabatic process which induces a chemicurrent in the diode. 14 In Fig. 5 transients of the chemicurrents are shown for the as-deposited and the annealed Mg/ H : p-Si͑111͒ diode with 8 nm metal film thickness. The samples were exposed to a flux of 10 12 O 2 molecules/ s cm 2 . The time evolution of the curves represents the kinetics of the surface reaction. The diode with the larger homogeneous barrier height produces less chemicurrent. Including effects of the metal film thickness, the transmission of the hot charge carriers is found to be reduced by a factor of 2 when ⌽ hom,p increases from 0.69 to 0.8 eV. 7 This effect allows the probing of the energy distribution of hot charge carriers in the metal. Details of the chemicurrent transient and an analysis of the current strength can be found elsewhere. 7, 14 
IV. DISCUSSION
The most reliable chemical trend for Schottky barriers of intimate, abrupt, clean, and laterally homogeneous contacts is given by the metal-induced gap state ͑MIGS͒ and electronegativity concept described in detail in Ref. 15 . In the case of metal-p-Si͑111͒ contacts with a bulk truncated ͑1 ϫ 1͒ structure of Si atoms at the interface the MIGS model predicts homogeneous barrier heights of
where m and Si = 4.70 represent the Miedema electronegativities of the metal and Si, respectively. Equation ͑2͒ is valid for any temperature since the barrier height on p-type substrates has been demonstrated to be independent of temperature. 15 The respective homogeneous barrier height on n-type material may be calculated from ⌽ hom,p + ⌽ hom,n = E gap ͑T͒. 15 Applied to Mg/ p-Si͑111͒ diodes with Mg = 3.45, a value of ⌽ hom,p = 0.44 eV is obtained from Eq. ͑2͒ which is much smaller than the observed experimental values. Hence, the as-deposited and annealed diodes have no abrupt Mg/ Si but modified interfaces.
In the case of as-deposited Mg/ H : p-Si͑111͒ Schottky diodes, hydrogen may still be present at the interface. The Si-H interface dipoles increase the Schottky barrier. This effect of interface doping by hydrogen atoms was investigated earlier for Pb/H:Si diodes 5, 15 and metals on hydrogen terminated diamond. 18 For Si, an interfacial monolayer of H atoms changes the homogeneous Schottky barrier by 0.35 eV. 15 Combining the effect of the Si-H interface dipoles with the MIGS model predicts a homogeneous barrier height of 0.79 eV for Mg/ H : p-Si͑111͒ diodes in excellent agreement to the experimental value of 0.8 eV observed with as-deposited diodes. More direct experimental evidence of hydrogen atoms at the interface may be obtained by nuclear reaction analysis via the 1 H͑ 15 N,␣␥͒ 12 C reaction in grazing incidence. 19 Such measurements with fast 15 N beams may be motivated by the present study.
In the case of the annealed diodes, the interface is changed drastically by removing the interfacial hydrogen and forming a Mg 2 Si silicide layer. Previous I / V measurements of the barrier height of Mg/ Mg 2 Si/ n-Si contacts yielded ⌽ hom,n ͑RT͒ = 0.46 eV ͑Ref. 20͒. This result corresponds to a barrier height on p-type Si of ⌽ hom,p = 0.66 eV in good agreement with the observed value of 0.69 eV found for annealed diodes of the present study. In Table I , the interface properties and the homogeneous Schottky barrier heights of Mg/H:Si diodes after various preparation methods are compiled. The values for n-type substrates are calculated. In addition, the theoretical values from the MIGS concept with and without interface dipoles are included.
V. SUMMARY
Different types of thin film Mg/ p-Si͑111͒ Schottky diodes were prepared by evaporation of Mg onto hydrogen terminated Si͑111͒ surfaces. Deposition at a low temperature of 190 K yields contacts with Si-H dipoles at the interface. The dipole layer increases the homogeneous Schottky barrier height of the Mg/ p-Si diodes to a value of 0.8 eV which is far more than the predicted 0.44 eV from the MIGS and electronegativity models. Annealing the diodes to room temperature reduces the lateral inhomogeneity of the interface and forms a Mg 2 Si silicide layer. Afterwards, the Schottky barrier is decreased to a value of 0.69 eV. The smaller barrier increases the sensitivity of the diodes to detect hot holes excited by IR irradiation or by the oxidation of the Mg surface. If in future a controlled tuning of the Schottky barrier height becomes feasible internal spectroscopy of hot charge carriers may be performed with electronic devices.
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